Cocrystal formation of chlorothiazide (ctz) was screened with a variety of coformers with carboxyl, amide, hydroxyl, sulfonamide, pyridine, amidine and amine functional groups. New cocrystals with acetamide (aca), benzamide (bza), propionamide (ppa), caprolactam (cap), carbamazepine (cbz), nicotinamide (nia), isonicotinamide (ina), hexamethylenetetramine (hma), 4,4'-bipyridine (bipy), 1,2-di(4-pyridyl)ethylene (ebipy), 2-hydroxypyridine (hyp), 1,3-di(4-pyridyl)propane (pbipy) and pyrazine (pyr) as well as a benzamidinium (bzamH + ) salt were obtained by mechanical grinding and liquid-assisted grinding and identified by X-ray powder diffraction. The structures of ctz-bza, ctz-cbz, ctz-ina, ctz-nia, ctz-hma, ctz-bipy, ctz-ebipy, ctz-pbipy and (bzamH + )(ctz -) were determined by singlecrystal X-ray diffraction. Analysis of the hydrogen bonding motifs showed that in all cocrystal structures except for ctz-bipy, the NHsulfonamide ... N(SO2)=C catemer synthon of ctz form I is replaced by ctz-coformer heterosynthons. The dissolution behavior and relationship between dissolution rate, packing index and lattice energy of the cocrystals is described. To understand why no cocrystals with carboxylic acids formed, a motif search of the Cambridge Structural Database (CSD) was carried out.
Introduction
The preparation of new multicomponent molecular crystals by cocrystallization of an active pharmaceutical ingredient (API) and a biologically safe coformer is a well-established concept for optimizing the physicochemical and mechanical properties of an API such as the dissolution rate, bioavailability, particle size, particle morphology, tabletability and compactability, without making chemical modifications to the drug molecule. [1] [2] [3] [4] Cocrystals as new solid-state forms also offer opportunities for patent protection and thus can be of significant commercial value. 5 The crystal engineering approach which uses supramolecular heterosynthons between the API and the coformer is an effective strategy for the rational selection of suitable coformers and the design of new pharmaceutical cocrystals. 6, 7 It is thus important to understand the hydrogen bonding interactions that lead to robust heterosynthons in the cocrystal compared to the homosynthons in the individual components. Although the sulfonamide group is the common functional group in the important class of sulfa drugs and its hydrogen bonding preferences have been investigated, 8 relatively few studies have been concerned with the propensity of sulfonamides to cocrystal formation. In fact, examples for cocrystals of sulfa drugs have been published only recently. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] In several of the reported sulfa drug cocrystals the sulfa drug contains a 2-pyridyl, 2-thiazole or 2-pyrimidyl substituted sulfonamide group and the supramolecular synthons involve the heterocyclic nitrogen (e.g. formation of the R (8) 2 2 motif through pairs of NHsulfonamide ... Ocarboxyl and OHcarboxyl ... Npyridine hydrogen bonds in carboxylic acid cocrystals). 10, 12, 13, 18 Chlorothiazide (ctz, 6-chloro-4H-1,2,4-benzothiadiazine-7-sulfonamide 1,1-dioxide) is a short-acting thiadiazine diuretic. It is applied in edema caused by various forms of renal dysfunction and is used to manage excess fluid linked to congestive heart failure. It also has a secondary function as an antihypertensive. 19 Ctz is a cyclic secondary sulfonamide that also contains a primary SO2NH2 substituent and that can exist in two tautomeric forms ( Figure 1 ). Here we report the results of an extensive cocrystal screening study of ctz with a variety of coformers. The crystal structures of eight new cocrystals and a salt are described along with an analysis of heterosynthon formation and hydrogen bonding preferences of the sulfonamide groups in ctz. 
Materials and Methods
Materials. Ctz and nicotinamide (nia) were purchased from Tokyo Chemical Industry (TCI, Europe).
The coformers 4,4'-bipyridine (bipy), 1,3-di(4-pyridyl)propane (pbiby), 1,2-di(4-pyridyl)ethylene (ebipy), benzamidine (bzam), hexamethylenetetramine (hma), isonicotinamide (ina), nicotinamide (nia), propionamide (ppa), deoxycholic acid (dca), and sodium deoxycholate (NaDc) were purchased from Sigma Aldrich. Carbamazepine (cbz) and benzamide (bza) were purchased from Alfa Aesar.
Ball milling. Room temperature milling experiments were performed using an oscillatory ball mill (Mixer Mill MM400, Retsch GmbH & Co., Germany) and a 25 mL stainless steel milling jar containing one 15 mm diameter stainless steel ball. The ctz : coformer molar ratio was 1 : 1 (0.5 g sample in total) except for cbz, where a 1 : 2 molar ratio was used. CSD motif search. A motif search for the types of H-bonded adducts shown in Figure 2 was carried out, using the Conquest software. 23 The criteria used for the search were similar to that of our previous study, 24 where the interactions within a distance of the sum of the vdW radii and structures with an R-factor < 7.5% were considered and organometallics were excluded.
Computational studies. Density Functional Theory (DFT) calculations were made using Firefly version 8.2.0 with B3LYP functionals and 6-31G* basis sets. 
Results and Discussion
Cocrystal formation with a range of coformers with different functional groups including carboxyl, amide, hydroxyl, amidine, sulfonamide, amine, and pyridyl groups was screened using mechanical and liquid-assisted grinding. The advantage of mechanochemical methods is that the success of Table S1 in the Supporting Information (SI).
Surprisingly, none of the 15 carboxylic acids tested formed a cocrystal with ctz. Likewise, the XRPD patterns of neat-and liquid-assisted ground samples of ctz and another sulfonamide (sulfanilamide)
showed a physical mixture of the two components. Milling of ctz with carbamazepine (cbz), benzamidine (bzam), cyanuric acid (cya), hexamethylenetetramine (hma) and benzene-1,3,5-tricarboxylic acid (bta) in the absence of solvent resulted in XRPD patterns that featured an amorphous halo. The ctz-cbz and ctz-bzam samples remained X-ray amorphous for at least one month when kept in a humidity chamber under 56 % relative humidity (RH) and room temperature. Ctz-bta and ctz-cya recrystallized to the respective physical mixture within 1 and 3 days under the same conditions. The XRPD pattern of the ctz-hma sample showed the Bragg peaks of ctz after 1d. In addition, new peaks appeared that matched those of the ctz-hma cocrystal obtained by solution crystallization (see below). When X-ray amorphous ctz-cya and ctz-bta were milled for longer times (2 h), the Bragg peaks of ctz, cya and bta re-appeared. The XRPD pattern of a ball-milled sample of ctz and deoxycholic acid (dca) showed ctz peaks with an underlying amorphous halo. When the milling was performed at low temperature (cryomilling), a fully X-ray amorphous solid was obtained that did not recrystallize for at least 1 month at room temperature and 56 % RH. Likewise, milling of ctz with sodium deoxycholate at low temperature resulted in complete amorphization. However, ctz peaks were observed after storage for two weeks. In order to analyze the H bonding motifs in the ctz cocrystals, solution crystallization experiments in acetonitrile, acetone and dimethylformamide were carried out. X-ray suitable single crystals were obtained in the case of ctz-bipy, ctz-ebipy, ctz-pbipy, ctz-hma, ctz-bza, ctz-cbz, ctz-ina and ctz-nia. In addition, the X-ray structures of the salt (bzamH + )(ctz -) and of the dimethylformamide solvate, ctz . dmf, were solved. Unfortunately, the other cocrystals identified during the grinding experiments, ctz-aca, ctz-cap, ctz-ppa, ctz-hyp and ctz-pyr, did not crystallize from solution. In fact the X-ray suitable crystals of ctz . dmf whose structure had previously been determined from XRPD data 26 were obtained during cocrystallization experiments with acetamide. Attempts to obtain single crystals of ctz-aca, ctz-cap, ctz-ppa, ctz-hyp and ctz-pyr by seeding with the ground samples resulted in micrcrystalline cocrystallization products (ctz-cap, ctz-hyp) or in the individual crystallization of ctz (aca, ppa, pyr).
The cocrystals that crystallized upon mixing concentrated solutions of ctz and the respective coformer had 1:1 (ctz-ebipy, ctz-hma, ctz-bza, ctz-ina, ctz-nia), 1:2 (ctz-pbipy, ctz-cbz) and 2:1 (ctz-bipy)
stoichiometries. All cocrystals were characterized by FT-IR and DSC (SI). A comparison of the simulated XRPD patterns of the single crystals with the XRPD patterns of the milled samples showed a good match in all cases. In all cocrystals, the imidic tautomeric form of ctz ( Figure 1 ) was observed, as found in the X-ray structure of ctz itself. 27 The crystal structures are shown in Figures 3 -8 and S15 -S18, the hydrogen bond parameters are presented in Table 3 .
Crystal Structures
Ctz . dmf. The single crystal structure of the dmf solvate confirmed the previous structure solution from X-ray powder data. 26 Hydrogen bonds between one of the amino protons of the primary amino group and the ring sulfonamide nitrogen (NHsulfonamide ... N(SO2)=C) generate a 1D chain of ctz molecules. 6 6 ). The 3D structure is further stabilized by NHthiadiazine ... O=S and CHthiadiazine ... O=S interactions. while the second one interacts with the thiadiazine NH of ctz. Overall, an interwoven 2D layer structure is formed with R (38) 4 4 and R (8) 4 2 rings both built up by two ctz and two ebipy molecules. In contrast to ctz-bipy, none of the sulfonyl oxygens acts as a NH hydrogen bond acceptor and the ctz molecules do not hydrogen bond with each other. and R (38) 4 4 motifs in ctz-ebipy.
Ctz-pbipy. The bipyridyl coformer with a propyl linker between the two pyridines gives a cocrystal with 1:2 stoichiometry. One pbipy is involved in NHsulfonamide ... Npy and NHthiadiazine ... Npy hydrogen bonding. These H bonds lead to R (40) 4 4 rings. Noteworthy, the other pbipy has unused H bond acceptor capacity, as only one of the two pyridine groups interacts with ctz (NHsulfonamide ... Npy). As in the case of ctz-ebipy there are no H bond interactions between ctz molecules. It is surprising that no cocrystals could be obtained with a carboxylic acid coformer. The same observation has been made in cocrystallization experiments of sulfacetamide. 16 The CSD has 297 entries for cocrystals, salts, and solvates that contain motif Ia. In several of these carboxyl groups are present in addition to the pyridine and amine groups of the motif. The conformational variability of ctz has been discussed in the literature. Florence and coworkers identified five conformational minima (termed minpa, minsa, minst, minoa and minot, where o, p, and s stand for opposite, parallel and same side to the ring sulfur and a and t stand for the NH2 protons pointing away from or towards the molecule) by ab initio optimization of the isolated molecule structure and found a good agreement with the experimentally observed conformations of the sulfonamide side chain in the crystal structures of ctz solvates. 29 All five conformers are represented in the cocrystal structures (Table S2 , SI). The crystallographically imposed parallel orientation of the sulfonamide side chain relative to the ring sulfur in ctz-bza results in a staircase-like arrangement of the chain of ctz molecules in this cocrystal.
It is interesting to consider why CTZ appears to have a lower co-crystal forming ability than its hydrogenated derivative HCTZ in which the C=N ring double bond is hydrogenated. In particular CTZ failed to form co-crystals with any of the carboxylic acids examined here some of which have been reported to form co-crystals with HCTZ. 17 The possibility that the HCTZ co-crystal forming ability might be due to a more flexible heterocyclic ring was examined. The structures of the thirteen co-crystals reported for HCTZ 17 were fitted using the aromatic ring carbons and compared to fitting of the nine CTZ structures reported here ( Figure 9 ). The range of heterocyclic ring conformations displayed in both series are similar which suggests similar heterocyclic ring rigidities. The frequencies of the heterocyclic ring deformation modes have also been calculated for CTZ and HCTZ and the values 316 cm -1 and 262 cm -1 are also quite close. However, the presence of an axial N-H hydrogen bond donor in the HCTZ heterocyclic ring has been noted. 29 It is the presence of this hydrogen bond donor that provides an important interaction normal to the molecular plane in the HCTZ co-crystals with both nicotinic acid and p-aminobenzoic acid neither of which form co-crystals with CTZ. Figure 9 . Fitting of the CTZ molecules from the structures in Table 1 using the six aromatic carbons and fitting of the HCTZ molecules from the thirteen reported co-crystal structures using their six aromatic carbons.
Thermal behavior
The thermal behavior of the cocrystals was studied by DSC and the thermograms are displayed in or bipy (114 °C) confirming the thermal stability of the new phases. Generally, for a cocrystal a melting point in between the melting points of the two components is expected. In our series of cocrystals this is only the case for ctz-bipy and ctz-pbipy. The DSC plot of ctz-ebipy features a peak at 104.4 °C followed by a peak at 151.5 °C corresponding to the melting point of ebipy. The benzamidinium salt melts at 221.4 °C.
Dissolution studies
The dissolution behavior is an important physicochemical property that has a direct impact on the bioavailability of a drug. The dissolution behavior can be modulated by cocrystal formation and both an increase and a decrease in the dissolution properties has been reported for cocrystals compared to the pure API. 16, [30] [31] [32] [33] [34] [35] The dissolution profiles of the cocrystals and the benzamidinium salt were measured and are shown in Figures 10 and S28 .
Enhanced dissolution properties were observed for ctz-cbz, ctz-ebipy and ctz-pbipy. Ctz-hma, ctzbipy, ctz-nia, ctz-bza and ctz-ina have similar or lower dissolution properties than ctz. The stability of the cocrystals in the dissolution medium was checked by XRPD after recovering the undissolved residue by filtration at the end of the dissolution measurement. Ctz-bipy and ctz-ebipy were found to be stable in the dissolution medium, while ctz-pbipy, ctz-hma, ctz-cbz, ctz-ina, ctz-nia and ctz-bza dissociate into the separate components, as evident from the XRPD patterns. Cbz is polymorphic and the cocrystal converts to the channel solvate form II. Somewhat unexpectedly, the benzamidinium salt gave the same dissolution profile as ctz. The XRPD pattern showed the Bragg peaks of ctz indicating that the ctz salt converts back to neutral ctz on contact with buffer. between  and the stability in the dissolution medium or the dissolution rate was apparent.
In an effort to correlate the observed dissolution rates with crystal lattice stability the lattice energy has been estimated using the PIXEL program 36 and the crystal packing index has also been calculated.
The results obtained and the dissolution at 60 min. are listed in Table 4 . The pixelc program can only be applied to structures with two or less molecules in the asymmetric unit and the more approximate clpcry program could not be applied to some of the more complex asymmetric units. One of the highest dissolution rates was shown by the pbipy cocrystal which has the lowest packing index and the lowest clpcry lattice energy. In contrast, the poorly dissolving ina cocrystal has a relatively high clpcry lattice energy and the highest packing index. The high dissolution rate of ctz-ebipy is more difficult to rationalize, as this cocrystal has a relatively high packing index and clpcry lattice energy.
Noteworthy, ctz-ebipy is one of the two cocrystals that are stable in the dissolution medium and do not convert to ctz. Ctz-bza has a low packing index and lower lattice energy, but gives no dissolution advantage over ctz. Ctz-bza is the only cocrystal in which pairwise NHsulfonamide ... O=S hydrogen bonds link the ctz molecules into a double chain. The bipy cocrystal maintains the NHsulfonamide ... N(SO2)=C
homosynthon of ctz and also shows a low dissolution rate.
Conclusions
The 
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